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Summary Natural abundance 13C NMR was used to determine relative amounts of fatty acid subclasses present in fibroadipose tissue from the human breast in healthy and cancer patients and in breast carcinoma tissue. Resonances corresponding to the carbon atoms of triacylglycerides were obtained when adipose tissue constituted more than 10% of the carcinoma. Resonances corresponding to phospholipids and proteins were also observed when the percentage of adipose tissue was lower. No significant difference between the levels of unsaturated fatty acids in adipose tissue from cancer and non-cancer patients was found. However, significant differences in the levels of monounsaturated and saturated fatty acids of carcinoma compared to noncancerous tissue was found, as was a nearly significant difference for the levels of polyunsaturated fatty acids in these two tissue types. These findings suggest an alteration of cellular lipid composition in neoplastic mammary tissue.
Differences in the breast cancer rates for different countries and corresponding changes in the incidence of breast cancer for women who migrate from an area of low incidence to an area of high incidence where diets differ, suggest that environmental factors such as dietary fat might play a role in the occurrence of this disease (Armstrong & Doll, 1975; Staszewski & Haenszel, 1965; Buell, 1973) . Careful epidemiologic studies to assess such a relationship have failed to demonstrate a significant correlation of total dietary fat intake with the incidence of breast cancer in the United States (Willett et al., 1987; Willett et al., 1992) . Numerous animal studies, however, indicate that the amount and type of dietary fatty acids are related to the incidence and the biology of mammary cancer (Cave, 1991) . Both epidemiologic and animal studies suggest that the rising incidence of breast cancer in the United States may be related to the higher levels of n-6 polyunsaturated fatty acids (PUFAs) in the diet due to vegetable oil consumption, while the lower incidence in other countries is due to high levels of n-3 PUFAs present in their predominantly fish diets (Carroll & Hopkins, 1979; Kaizer et al., 1989) . The (Cave, 1991 (Canioni et al., 1983; Sillerud et al., 1986; Moonen et al., 1988; Beckmann et al., 1992) . It has been shown that natural abundance '3C NMR spectra of rat and human adipose tissue represent the carbon atoms of triacylglycerols (TAGs). The unique structure of PUFAs makes it possible to distinguish and assess the relative amounts of SFAs, MUFAs and PUFAs in tissues by NMR spectroscopy. This approach has been used previously to study the effect of diet on fatty acid composition in adipose tissue and to determine the amount of linoleic acid in human adipose tissue (Moonen et al., 1988; Beckmann et al., 1992) . Based on this approach, the efficacy of using '3C NMR spectroscopy to assess relative amounts of UFAs and SFAs derived from the diet in normal and cancerous breast tissue was undertaken. With this technique it should eventually be possible to not only study the role of these substances in mammary carcinogenesis and tumour progression, but also to assess compliance with dietary modifications to prevent and/or treat human breast cancer. (Canioni et al., 1983; Sillerud et al., 1986; Moonen et al., 1988; Halliday et al., 1988; Batchelor et al., 1974) . The spectra were analysed using the GEM software package (General Electric) with an assumed Lorentzian lineshape and a line broadening of 2 Hz. Due to overlap of resonances for some of the carcinoma cases, determination of signal area by integration or fitting methods available to us was not feasible and was therefore estimated by measuring the peak height from the baseline. These intensity measurements differed by a 10% average standard error from integration values obtained from unobscured spectra, and did not differ when peak widths were taken into account. In fact, the peak width at half height did not vary when comparing repetition rates from 1 s to 20s. The relative percentages of mono-and polyunsaturated, as well as saturated fatty acids, were determined from peak height measurements using the following equations derived by Moonen for in vivo analysis of human adipose tissue (Moonen et al., 1988) : ((110-19 )/2I11)C %SFA = 100 -{%PUFA + %MUFA} Where C is a correction factor necessary to compensate for partial saturation effects present in the carbonyl carbon resonance as discussed above. The specific carbon atoms corresponding to the peak intensities, Ij, are referenced in 
Materials and methods
%PUFA = 100 (19/2111)C %MUFA = 100
Results
The human breast tissues removed surgically were studied by routine pathological and histological methods. The diagnosis was based on histological examination of the tissue studied by NMR and the routine tissue sampling by the pathologist. Using microscopic visual approximation, the relative percentages of adipose tissue and fibrous stroma with ductal structures and malignant neoplastic cells were estimated in the tissue studied by NMR. For purposes of analysis the tissues are categorised as (1) breast tissue from reduction mammoplasty and other breast specimens without evidence of malignancy, (2) non-cancerous breast tissue removed from breasts with primary mammary carcinoma, and (3) tissue with carcinoma of the breast.
Breast tissue from reduction mammoplasty and non-malignant specimens and non-cancerous breast tissue from patients with mammary carcinoma The relative abundance of the adipose tissue in NMR specimens varied from 10% to nearly 100% with stroma and parenchyma as the remainder. Despite the wide range of percent adipose tissue, a relatively consistent '3C NMR pattern was observed.
From 13 to 19 sharp resonances were resolved in a proton decoupled spectrum (Figure 1) . A high signal to noise ratio was achieved for this type of spectrum with only 100 to 700 scans. Based on chemical shifts reported previously in the literature (Canioni et al., 1983; Sillerud et al., 1986; Moonen et al., 1988; Batchelor et al., 1974) adipose tissue, and liver, these resonances can be assigned respectively to the saturated methyl and methylene carbon atoms of fatty acyl chains in the region from 10 to 40 ppm (peaks 1-8 in Figure la) , the carbon atoms of esterified glycerol at 62 to 69 ppm (peaks 12 and 13 of Figure la) , olefinic carbon atoms in the fatty acyl chains centred at 128.12 and 129.78 ppm (peaks 9 and 10), and the carbon atoms at 172 ppm (peak 11) of the ester carbonyl groups in TAGs. All assigned chemical shifts are given in Table I . These data indicate that the spectral pattern represents primarily the mobile TAGs stored in adipocytes of the breast sample. The other resonances observed occurred in non-malignant breast tissue with less than 50% adipose tissue, and consisted of six low intensity, relatively narrow resonances between 40 and 62 ppm (Figure lb and Table I ). These resonances are tentatively assigned to the HEPES molecule, which is used as a buffer in the WAJCS and the Krebs-Henseleit perfusion media. These signals do not interfere with measurement of the intensities of the TAG resonances.
Mammary adenocarcinoma
Sixteen invasive ductal carcinomas, as well as one lobular, one colloid, one squamous cell, and one signet ring carcinoma each were studied by NMR. From histological examination, the ductal carcinomas were grade II (n = 4) and grade III (n = 12) in their differentiation. The tumourous tissues had variable amounts of adipose tissue (0% to 15%), carcinoma cells (10% to 50%), and stroma (40% to 90%). Three 13C NMR spectral patterns were observed for the tumours.
One of the patterns was similar to those previously described (Figure la-b) , and consisted primarily of a TAG spectral pattern with or without signals from the HEPES buffer and contained 10-15% adipose tissue. The contributions from the carcinoma cells and stroma were small in spectra of these samples due to the dominance of signals from the adipose tissue.
The second pattern was more complicated and consisted of a heterogeneous population of resonances arising from various tissue elements (Figure 2a-c) . These carcinomas had less than 2% adipose tissue. In addition to signals representing TAGs, phospholipid resonances are also seen. Based on the literature, the resonances at 40 and 54.6 ppm (peaks 22 and 23) may be assigned to the head groups of phosphatidylethanolamine and phosphatidylcholine, respectively (Canioni et al., 1983; Halliday et al., 1988) . The signals labelled 9 and 10 (Figures 2a-c) , are the fatty acyl olefinic resonances of primarily the TAGs with some contribution from phospholipids. The signals numbered 24 and 25 in Figure 2a -c at 175 and 178 ppm are assigned to the carbonyls of phospholipids and proteins.
The relative contribution of the fatty acyl groups of TAGs when fatty acyl resonances of phospholipids are also present can be estimated (after correcting for partial saturation) by comparing the intensity of the phospholipid carbonyl resonance to the intensity of the carbonyl resonance of the TAGs. The phospholipid contribution in spectra of the tumours varied from 0% to 100% depending upon the amount of adipose tissue present. Proteins and phospholipids with low mobility may contribute to the broad signals at 0 to 60, 40 to 60, 60 to 80, and 90 to 130 ppm present in tumour spectra with less than 10% adipose tissue. These broad signals give rise to the third '3C spectral pattern, which is obtained when there is no adipose tissue and the tumour cells have no detectable TAGs. In this case, these humps may dominate the spectrum, as seen in Figure 2d .
Comparison offatty acids in normal and cancerous tissue To test the hypothesis that relative levels of unsaturated fatty acids derived from the diet are related to the incidence and biological behaviour of breast carcinomas, the relative amounts of UFAs and SFAs measured by 13C NMR in breast adipose tissue from cancer and non-cancer patients were compared utilising a t-test. The initial results shown in Table II , demonstrate that there is no significant difference between the amounts of saturation or unsaturation of fatty acids in these two groups of patients.
To determine if the relative levels of UFAs and SFAs differ in the breast carcinoma tissue compared to noncancerous tissue of healthy and cancer patients, a t-test was performed on the NMR data. Statistically significant differences were found for %MUFAs and %SFAs between the two groups as shown in Table II . A trend was noted for the levels of %PUFAs in these two groups.
Discussion
The breast tissues examined in this study were heterogeneous and consisted of varying amounts of adipose tissue, fibrous stroma, ductal epithelial elements and carcinomatous tissue, which in itself is complex. Tumour tissue may consist of varying amounts of benign ductal elements, adipose tissue, fibrous stroma with vascular and cellular elements such as fibroblasts, carcinoma cells, and inflammatory cells of the lymphoreticular system comprised primarily of lymphocytes and macrophages. Care was taken to include only tumour tissue in the samples representing carcinoma. However, due to the way in which breast carcinoma grows (e.g. invading surrounding adipose tissue), inclusion of normal or noncancerous tissue was unavoidable. It is imperative to know the relative composition of the tissue being studied in order to assign the observed spectral resonances and infer their origin. Histologic sections of the tissue taken after NMR studies were completed provided this information, as cellular detail was reasonably preserved.
For TAGs and fatty acids in solution, most olefinic carbon atoms have a unique chemical shift which can be resolved at high magnetic field strength (Canioni et al., 1983) . For tissue slices it is not possible to resolve each of the various olefinic resonances of different unsaturated fatty acids due to the broad lines. Nevertheless, it is possible to distinguish PUFAs in the l3C NMR spectrum from MUFAs. The resonances arising from both the olefinic carbon atoms of MUFAs and from the outer two olefinic carbon atoms of PUFAs appear at 129.78 ppm; whereas, the resonances of the inner carbon atoms of PUFAs occur at 128.12 ppm. Since the signal at 128.12 ppm has contributions exclusively from PUFAs, the ratio of the intensity at 128.12 ppm to that at 129.78 ppm represents the relative amount of PUFAs compared to UFAs. While controls were generally not available due to the nature of the surgical procedure, no greater than 5% variation in the relative amounts of MUFAs, PUFAs, and SFAs was found when bilateral reduction mammoplasty tissue specimens were compared.
Since the fatty acyl peaks come entirely from the TAGs of the breast fat depot in this type of spectrum and the UFAs are a reflection of long term dietary fat intake, their relative intensities provide a means of correlating dietary fat intake with the susceptibility of developing breast cancer, the biological behaviour of the cancer, the response of the cancer to therapy, and overall survival. Additional information about the specific type of fatty acyl chains of the TAGs in breast adipose tissue is under further investigation in our laboratory.
When the tissue sample had more than 35% adipose tissue, the 13C NMR spectrum consisted entirely of signals from the mobile TAGs of adipocytes (Figure la) . This spectral pattern has been observed for adipose tissue in other anatomic locations by other investigators (Canioni et al., 1983; Sillerud et al., 1986; Moonen et al., 1988 (Canioni et at., 1983; Halliday et at., 1988; Batchelor et at., 1974) and in this study to the phospholipid head groups of phosphatidylethanolamine and phosphatidylcholine (Figure 2b ). (Figure 2b-c (Table II) . Since the relative amounts of these fatty acids reflect dietary fat consumption, this result implies that at least in regard to relative amounts of saturated and unsaturated fatty acids, the dietary intake of these patients had been similar. This result compares favourably with a recent study concluding that overall dietary fat intake does not correlate with breast cancer incidence (Willett et al., 1992) . However, our technique does not rely on subjective questionnaires (Willett et al., 1992) , but instead provides objective, direct measurements of relative fatty acid composition derived from the diet. Although relative fatty acid composition based on the degree of saturation does not give evidence of an increased risk of developing breast cancer, it does not eliminate the possibility that specific fatty acids, such as n-6 PUFAs may have a key role in carcinogenesis as suggested by animal models. NMR can play a powerful role in elucidating such mechanisms because it can provide directly not only the structural identity of fatty acids, but it can also be used to monitor their time-dependent levels in metabolic processes. In this regard, we are studying the levels of specific fatty acids in normal breast tissue as well as in breast carcinomas.
Another important finding of this work is the significant difference in the relative levels of MUFAs, SFAs, and total UFAs in breast carcinomas compared to non-cancerous breast adipose tissue (Table II) . Moreover, a trend of near significance is observed for the %PUFAs. This has not been reported previously to our knowledge. It is of interest to note that %MUFA goes down and %PUFA goes up in carcinomatous tissue relative to non-cancerous tissue. This result implies that the cellular lipid composition is altered in neoplastic mammary cells. This alteration may have a potential role in the carcinogenic process and should be further investigated.
Once the role of dietary fatty acids in promoting human breast carcinoma and breast tumour progression has been defined, there is strong reason to believe that in vivo '3C NMR will be useful. Potential uses include screening for changes in fatty acid composition which predispose to carcinoma development, monitoring the effect of low and high fat diets, and probing for defects in lipid metabolism. Beckmann et al. have shown that in vivo 13C NMR can be used non-destructively to detect the effect of low and high fat diets on the degree of fatty acid unsaturation in human adipose tissue (Beckmann et al., 1992) . For example, with this approach, the uptake of n-3 PUFAs used as a putative therapy for breast cancer could be verified by direct monitoring.
